The effects of H 2 addition on a premixed methane-air flame was studied experimentally with a swirl-stabilized gas turbine model combustor. Experiments with 0%, 25%, and 50% H 2 molar fraction in the fuel mixture were conducted under atmospheric pressure. The primary objectives are to study the impacts of H 2 addition on flame lean blowout (LBO) limits, flame shapes and anchored locations, flow field characteristics, precessing vortex core (PVC) instability, as well as the CO emission performance. The flame LBO limits were identified by gradually reducing the equivalence ratio until the condition where the flame physically disappeared. The time-averaged CH chemiluminescence was used to reveal the characteristics of flame stabilization, e.g., flame structure and stabilized locations. In addition, the inverse Abel transform was applied to the time-averaged CH results so that the distribution of CH signal on the symmetric plane of the flame was obtained. The particle image velocimetry (PIV) was used to detect the characteristics of the flow field with a frequency of 2 kHz. The snapshot method of POD (proper orthogonal decomposition) and fast Fourier transform (FFT) were adopted to capture the most prominent coherent structures in the turbulent flow field. CO emission was monitored with an exhaust probe that was installed close to the combustor exit. The experimental results indicated that the H 2 addition extended the flame LBO limits and the operation range of low CO emission. The influence of H 2 addition on the flame shape, location, and flow field was observed. With the assistance of POD and FFT, the combustion suppression impacts on PVC was found.
Introduction
Modern gas turbines are preferred to operate at the lean premixed condition in order to control exhaust emissions, which can be harmful to the environment and human health [1, 2] . An important issue is to avoid combustion instability and combustion lean blowout (LBO) since the flames are very sensitive to perturbations in the flow field and some other local properties changes. Previous studies indicated that the ultra-lean flames suffered a series of undesirable behaviors, such as flame quenching, low combustion efficiency, thermo-acoustic combustion instabilities, and soot particles [3] . In order to overcome these negative effects, many investigations were attempted and the use of hydrogen and hydrogen blended fuels was identified as a considerable promise for a stable operation of gas turbine combustor under lean premixed conditions [4] [5] [6] .
The H 2 addition influence on the turbulent flame burning velocity of different fuels was investigated in many studies [7] [8] [9] [10] [11] [12] . All of the results indicated that the H 2 addition in the fuel stream increased the global chemical reaction rate. In addition, the enhanced reactivity was reported to increase the intensity of interactions between flame-vortex in turbulent flows [13] . The performance of exhaust emissions was an issue of interest in many past studies. One study measured CO emission at different axial locations along the combustor. The results indicated that the higher H 2 molar fraction in the fuel blends could benefit a lower CO concentration at a fixed power [14] . Another study showed that adding H 2 molar fraction in the fuel blends with constant fuel volume flow, the CO emission first decreased and then increased [15] . This suggested that the CO emission was dependent on not only the H 2 molar fraction in the fuel blends but also the operating conditions. However, the combined effects on CO emission were not well investigated by previous studies. NO x emission with H 2 addition was also examined by a few studies [16, 17] . It should be noted that the H 2 addition leads to two contrary effects on NO x formation. In principle, H 2 addition may result in a reduction of the prompt NO x due to the decrease in hydrocarbon radicals. However, H 2 addition may increase the flame temperature, which promotes the thermal NO x formation. As a result, the net effect of H 2 addition on NO x formation is determined by the combined effects. Studies focused on the flame structures and combustion oscillations showed that the use of H 2 significantly altered the flame characteristics due to the different properties of transport and chemical reactivity [18, 19] . Some investigations with a swirl-stabilized configuration indicated that the thermoacoustic instabilities were very sensitive to the H 2 molar fraction in the fuel blends [20, 21] .
In a swirl-stabilized dump combustor, vortices that appear in the inner shear layer (ISL) that is formed between the center recirculation zone (CRZ) and the annular jet flow can be a source of flame instability which features an unsteady coherent vortex structure. This helical vortex structure is often referred as the precessing vortex core (PVC), which could significantly influence the combustor performance. Based on the previous work, H 2 effects on the PVC instability was not sufficiently investigated. In the current study, the H 2 addition effects on the instabilities driven by PVC along with the other important issues, e.g., flame LBO limits, characteristics of flame reaction zones, flow field, and CO emission were investigated. The experimental investigations were carried out with a swirl-stabilized gas turbine model combustor at the atmospheric pressure. The LBO equivalence ratios were measured with three H 2 molar fractions in the fuel blends (0%, 25%, and 50%) with combustor inlet temperature of 384 K and 484 K. The impacts of H 2 addition on flame shapes and stabilized positions were revealed by CH chemiluminescence imaging. A high-speed particle image velocimetry (PIV) system was used to identify the flow field with a frequency of 2 kHz. Both the time-averaged and instantaneous velocity field were investigated and compared. The PIV results were also studied with the snapshot method of POD (proper orthogonal decomposition) to capture the PVC in the vicinity of ISL. Fast Fourier transform (FFT) was adopted to identify the frequency of the most prominent coherent structures that are represented by the POD modes. CO emission was monitored with a water-cooled emission probe that was installed close to the combustor exit. The adiabatic flame temperature was calculated to understand the H 2 addition effects on CO emission with the use of CHEMKIN software (17.0, ANSYS, San Diego, CA, USA) [22] and GRI-mech 3.0 mechanism [23] . Figure 1 shows a schematic illustration of the flow paths design and experimental setup. The combustor was designed with two air supplies and two fuel sources. Air supply to the combustor was provided by the high-pressure laboratory air. Swirl flow was generated by blending the air flow came from axial and tangential directions. The air streams from both of the directions can be adjusted and monitored by using the differential pressure mass flow controllers (MCR250, Alicat Scientific, Tucson, AZ, USA). Fuel gas (methane and hydrogen) were provided by pressurized gas cylinders and were controlled with the use of differential pressure mass flow controllers (MCR50, Alicat Scientific, Tucson, AZ, USA). The fuel flow was injected into the tangential air stream and then the tangential flow (fuel and air) was blended with axial air flow in the swirler. In order to guarantee a good fuel-air mixing, a 60 mm mixing section was designed prior to the combustor inlet. Equivalence ratios (Φ) could be adjusted by altering the fuel flow rate, while keeping the air flow constant. For the convenience to achieve an appropriate inlet temperature, the air flow could be preheated by two feedback controlled heaters (Sureheat Jet, Sylvania, Exeter, NH, USA) with a maximum power of 8 kW. A 1.5 mm diameter thermocouple (K-type) with a measurement uncertainty of 2.2 K was used to measure the combustor inlet temperature. Combustion exhaust was discharged from the laboratory by using a ventilation system. preheated by two feedback controlled heaters (Sureheat Jet, Sylvania, Exeter, NH, USA) with a maximum power of 8 kW. A 1.5 mm diameter thermocouple (K-type) with a measurement uncertainty of 2.2 K was used to measure the combustor inlet temperature. Combustion exhaust was discharged from the laboratory by using a ventilation system. The combustor cylinder comprised a metal section, which was supported by four pneumatic actuators and an optical section (a quartz liner), which was designed for combustion measurement techniques, such as flame chemiluminescence and laser diagnostics. The swirler was installed prior to the combustor and designed with four horizontal channels (3 mm wide and 10 mm high) and one vertical channel. Different flow patterns can be achieved by adjusting the flow ratio between the axial and tangential direction. In order to characterize the swirl flow, a very important non-dimensional number need to be defined:
Experiments and Method

Flow Path and Equipment
In above equation, S represents the swirl number and R represents swirler radius. and , which express the axial flux of the radial momentum and axial momentum that could be obtained by solving the following equations:
In above equations, (gas density), (velocity in axial direction), and V (velocity in tangential direction) need to be known in order to calculate the swirl number. For the currently used experimental rig, the velocity distribution of and V was measured by using LDA (Laser Doppler Anemometry) in the previous investigation [24] . The combustor cylinder comprised a metal section, which was supported by four pneumatic actuators and an optical section (a quartz liner), which was designed for combustion measurement techniques, such as flame chemiluminescence and laser diagnostics. The swirler was installed prior to the combustor and designed with four horizontal channels (3 mm wide and 10 mm high) and one vertical channel. Different flow patterns can be achieved by adjusting the flow ratio between the axial and tangential direction. In order to characterize the swirl flow, a very important non-dimensional number need to be defined:
In above equation, S represents the swirl number and R represents swirler radius. G r and G a , which express the axial flux of the radial momentum and axial momentum that could be obtained by solving the following equations:
In above equations, ρ (gas density), U (velocity in axial direction), and V (velocity in tangential direction) need to be known in order to calculate the swirl number. For the currently used experimental rig, the velocity distribution of U and V was measured by using LDA (Laser Doppler Anemometry) in the previous investigation [24] . Table 1 summarized the operating parameters of the present experimental investigation. LBO limits were measured by gradually decreasing the mass flow rate of CH4 and H2 (while keeping airflow constant) until the flame was physically away from the combustor. It should be noted that the fuel decreasing was conducted using the minimum step that is allowed by the Alicat mass flow controller. The CO emission in combustion products was monitored by a NDIR (nondispersive infrared photometers) CO/CO2 exhaust analyzer (Binos 100, Rosemount, Hasselroth, Germany) with a 5 ppm uncertainty. Water vapor contained in the sample gas was eliminated by a cooler. The emission analysis system was zeroed and calibrated before every experiment. 
Operating Condition, LBO, and CO Emission Measurements
Investigation of the Flame and Flow Field
The previous literature indicated that the characteristics of flame reaction zone could be identified by using flame chemiluminescence. In the present study, flame visualization was achieved by using time-averaged CH chemiluminescence. The CH signal was recorded by a CCD camera (D70s, Nikon, Tokyo, Japan) with a 0.77 s exposure time and 3008 × 2000 pixels resolution. An AF Nikkor lens (50 mm/F1.8D, Nikon, Tokyo, Japan) and a band-pass CH filter (430/10, LaVision, Göttingen, Germany) was used for the imaging of time-averaged CH signal. The camera aperture was adjusted to f/1.8 in order to get an appropriate CH intensity during the entire operating range.
The features of velocity field were visualized with the use of a 2D high-speed PIV system. The laser wavelength was 527 nm and the recording rate was 2 kHz. Details of the operating parameters for PIV measurement are summarized in Table 2 . The two-dimensional (2D) PIV measurement was Schematic diagram of the swirl-stabilized combustor with optical access and swirler cross-section. Table 1 summarized the operating parameters of the present experimental investigation. LBO limits were measured by gradually decreasing the mass flow rate of CH 4 and H 2 (while keeping airflow constant) until the flame was physically away from the combustor. It should be noted that the fuel decreasing was conducted using the minimum step that is allowed by the Alicat mass flow controller. The CO emission in combustion products was monitored by a NDIR (nondispersive infrared photometers) CO/CO 2 exhaust analyzer (Binos 100, Rosemount, Hasselroth, Germany) with a 5 ppm uncertainty. Water vapor contained in the sample gas was eliminated by a cooler. The emission analysis system was zeroed and calibrated before every experiment. 
Operating Condition, LBO, and CO Emission Measurements
Investigation of the Flame and Flow Field
The features of velocity field were visualized with the use of a 2D high-speed PIV system. The laser wavelength was 527 nm and the recording rate was 2 kHz. Details of the operating parameters for PIV measurement are summarized in Table 2 . The two-dimensional (2D) PIV measurement was performed to study the flow field with combustion and without combustion. The measurement plane was illuminated by a thin laser sheet (thickness was approximate 1 mm), which was generated by the optical lens. The TiO 2 particles with a primary diameter of 20 nm were used as seeding particles. Multi-pass cross-correlation algorithm was used to evaluate the velocity field from the directly obtained images. The interrogation windows of 64 × 64 pixels and subsequent 32 × 32 pixels were used in the processing of velocity field with a 50% window overlap. The averaged flow fields were achieved by calculating the time average of 2000 instantaneous velocity snapshots. 
Mathematical Description for the Proper Orthogonal Decomposition (POD)
The POD is one of the most effective methods for the multivariate data analysis and was first introduced in the context of fluid mechanics by Lumley [25] . Essentially, POD is a method that decomposes a given data collection into a linear combination of the optimized orthogonal basis and the corresponding coefficients. In current work, the POD was implemented as a post-processing technique on the 2D-PIV results with the main purpose of identifying the dominant flow structures [26, 27] . PIV measurement results, in general, yield N observations of U(x, t i ), x represents the spatial coordinates, and t i denotes time series t 1 , t 2 , · · · t N . U(x, t i ) are considered as time stationary so that
where U(x) represents the mean field and u(x, t i ) denotes the fluctuations. Assume that u(x, t i ) can be decomposed as
where a n (t i ) is the time-dependent amplitude coefficients and Φ n (x) is a orthogonal basis. The objective of POD is to get an optimal orthogonal basis Φ which maximize the expression
subject to the constraint (Φ, Φ) = 1
Here · denotes the time-averaged operation and (, ) stands for the L 2 inner product. With the use of Lagrange multipliers, a function J(Φ) can be constructed
The maximum value of (u, Φ) 2 can be reached when the derivative of J(Φ) equals to zero. This convert the extreme value problem to an equivalent eigenvalue problem
where the linear operator R is defined by
The orthogonal basis Φ n (x) can be obtained by solving the Equation (6) . For a more detailed explanation, the readers may refer to the book by Holmes et al. [28] .
Computational Implementation: Method of Snapshots
In practical applications, the POD can be implemented either by the classical method [25] or by the snapshot method [29] . The decomposition results obtained from the classical method are equivalent to those that are obtained from the snapshot method. However, the snapshot method has a low computation cost in the situation where the spatial data number is more than the snapshots number. Therefore, the method of snapshot suggested by Sirovich in 1987 was adopted in current work. In practice, the data is only available as discrete spatial grid points. When considering the POD analysis of N flame images, each image can be arranged in a vector u after the mean value is subtracted. Then, the vector u can be combined into a matrix U:
The auto-correlation N × N matrix C is formed as:
The eigenvalues λ and eigenvectors A can be obtained by solving the eigenvalue problem of matrix C:
The POD modes can then be calculated by
The time constants are found by projecting the original data onto the POD modes
where a n i are time coefficients and
It is important to recognize that a POD mode does not necessarily reveal an actual coherent structure that is observed in a turbulent flow field. Based on a mathematical view, each POD mode denotes a component of the flow field that can be reconstructed by summing over all weighted modes.
Results and Discussion
LBO Limits and The Averaged Features of Flames and Flow Field
H 2 addition effect on LBO limit of the swirl-stabilized methane-air flame was examined. Swirl flow is commonly utilized in gas turbine combustors for the flame stabilization, which is very important for the design of the gas turbine combustion system. Extensive investigations showed that the swirl flow could improve the combustion stability and extend the combustion LBO limits [30] [31] [32] . In the current work, the LBO limit is defined as the equivalence ratio where the flame physically disappeared in the combustor, as shown in Figure 3 . It is known that with the increase of H 2 molar fraction and combustor inlet temperature, the turbulent flame velocity was increased and the ignition delay time was decreased. As a result, the LBO limits were found to be extended to lower values. The results indicated that improving the combustor inlet temperature and H 2 molar fraction in the fuel mixture could lead to significant advantages for stable combustor operation.
Energies 2017, 10, 1769 7 of 18 combustor inlet temperature, the turbulent flame velocity was increased and the ignition delay time was decreased. As a result, the LBO limits were found to be extended to lower values. The results indicated that improving the combustor inlet temperature and H2 molar fraction in the fuel mixture could lead to significant advantages for stable combustor operation. The CH signal has been proved as a good indication of the locations of flame reaction zone [33] . Therefore, CH signal was used to reveal the flame shapes, length, and anchored locations for the CH4/H2 flames. Figure 4 shows the CH chemiluminescence of the swirl-stabilized CH4/H2 flames that were captured at different equivalence ratios. It could be observed that with the increase of equivalence ratios and H2 molar fraction in the fuel mixture, the flame reaction zone traveled and stabilized upstream due to the augmented turbulent flame speed. At the opposite case, the flame temperature was low, hence the combustion chemical reaction rates were reduced. As a result, a low CH intensity was observed and the flame stabilized downstream. Figure 4 (a1)-(a3) shows the methane flame evolution along the decrease of equivalence ratio. The flame shapes started with an attached 'V' shape at equivalence ratio 0.7. Then, the flame changed to an 'M' shape at an equivalence ratio 0.54 and the edge of flame stabilized close to the combustor liner. Finally, at the equivalence ratio 0.51, the methane flame became a lifted 'V' shape flame. For the combustion cases with 25% and 50% H2 addition, the flame shapes gradually changed from the attached 'V' shape to the lifted 'V' shape. The 'M' shape flame was not observed. The low CH intensity near LBO limits indicated that the flame had a weak ability to adapt to the changes of local properties, e.g., equivalence ratio and velocity. Hence, the fluctuations of high strain rate and local equivalence ratios could result in local flame extinction.
The flame structure features and the anchored location is strongly influenced by the velocity field. Figure 5 shows the structure of the average velocity field at non-reacting conditions with the combustor inlet temperature 293 K and 484 K. The time-averaged velocity fields were obtained by averaging 2000 instantaneous velocity fields, which are equivalent to a time interval of 1 s. The arrows represent the 2D velocity vector field, meanwhile, the contour plot indicates the axial velocity component. The color scale of the contour plot shows that white color represents the locations where the axial velocity component is zero. The axial velocity component profiles were plotted at y/d = 1.3, 2.7, and 5.3. It was observed that due to the vortex breakdown, a center recirculation zone (CRZ) with low and negative velocity (relative to the incoming flow) was created in the center of the combustor. The presence of CRZ could recirculate the hot combustion products and incompletely burned fuel to the flame reaction zone and the upstream mixing zone. Therefore, the heat and mass transfer between the fuel-oxidizer mixture and the recirculated gas species is enhanced, and a strong influence of CRZ on the flame shapes, stabilization, and anchored locations can be expected. Because of the geometry of the dump combustor, another toroidal recirculation zone, which is defined as outer recirculation zone (ORZ), was formed. An annular jet flow was located between the CRZ and ORZ, with a high velocity. Strong velocity, temperature, and species The CH signal has been proved as a good indication of the locations of flame reaction zone [33] . Therefore, CH signal was used to reveal the flame shapes, length, and anchored locations for the CH 4 /H 2 flames. Figure 4 shows the CH chemiluminescence of the swirl-stabilized CH 4 /H 2 flames that were captured at different equivalence ratios. It could be observed that with the increase of equivalence ratios and H 2 molar fraction in the fuel mixture, the flame reaction zone traveled and stabilized upstream due to the augmented turbulent flame speed. At the opposite case, the flame temperature was low, hence the combustion chemical reaction rates were reduced. As a result, a low CH intensity was observed and the flame stabilized downstream. Figure 4 (a1-a3) shows the methane flame evolution along the decrease of equivalence ratio. The flame shapes started with an attached 'V' shape at equivalence ratio 0.7. Then, the flame changed to an 'M' shape at an equivalence ratio 0.54 and the edge of flame stabilized close to the combustor liner. Finally, at the equivalence ratio 0.51, the methane flame became a lifted 'V' shape flame. For the combustion cases with 25% and 50% H 2 addition, the flame shapes gradually changed from the attached 'V' shape to the lifted 'V' shape. The 'M' shape flame was not observed. The low CH intensity near LBO limits indicated that the flame had a weak ability to adapt to the changes of local properties, e.g., equivalence ratio and velocity. Hence, the fluctuations of high strain rate and local equivalence ratios could result in local flame extinction.
The flame structure features and the anchored location is strongly influenced by the velocity field. Figure 5 shows the structure of the average velocity field at non-reacting conditions with the combustor inlet temperature 293 K and 484 K. The time-averaged velocity fields were obtained by averaging 2000 instantaneous velocity fields, which are equivalent to a time interval of 1 s. The arrows represent the 2D velocity vector field, meanwhile, the contour plot indicates the axial velocity component. The color scale of the contour plot shows that white color represents the locations where the axial velocity component is zero. The axial velocity component profiles were plotted at y/d = 1.3, 2.7, and 5.3. It was observed that due to the vortex breakdown, a center recirculation zone (CRZ) with low and negative velocity (relative to the incoming flow) was created in the center of the combustor. The presence of CRZ could recirculate the hot combustion products and incompletely burned fuel to the flame reaction zone and the upstream mixing zone. Therefore, the heat and mass transfer between the fuel-oxidizer mixture and the recirculated gas species is enhanced, and a strong influence of CRZ on the flame shapes, stabilization, and anchored locations can be expected. Because of the geometry of the dump combustor, another toroidal recirculation zone, which is defined as outer recirculation zone (ORZ), was formed. An annular jet flow was located between the CRZ and ORZ, with a high velocity. Strong velocity, temperature, and species concentration gradients occurred in the inner shear layer (ISL) between the annular jet flow and the CRZ, and in the outer shear layer (OSL) between the annular jet flow and the ORZ. It can be observed that the structure of the average flow is largely independent of the combustor inlet temperature, except for a velocity increase that appeared in the CRZ, annular jet flow, ORZ, and the flow field between the liner and CRZ at a higher combustor inlet temperature. In the average flow, the stagnation points (SP), i.e., the upstream and downstream boundaries of the CRZ, were located outside of the measurement domain. concentration gradients occurred in the inner shear layer (ISL) between the annular jet flow and the CRZ, and in the outer shear layer (OSL) between the annular jet flow and the ORZ. It can be observed that the structure of the average flow is largely independent of the combustor inlet temperature, except for a velocity increase that appeared in the CRZ, annular jet flow, ORZ, and the flow field between the liner and CRZ at a higher combustor inlet temperature. In the average flow, the stagnation points (SP), i.e., the upstream and downstream boundaries of the CRZ, were located outside of the measurement domain. concentration gradients occurred in the inner shear layer (ISL) between the annular jet flow and the CRZ, and in the outer shear layer (OSL) between the annular jet flow and the ORZ. It can be observed that the structure of the average flow is largely independent of the combustor inlet temperature, except for a velocity increase that appeared in the CRZ, annular jet flow, ORZ, and the flow field between the liner and CRZ at a higher combustor inlet temperature. In the average flow, the stagnation points (SP), i.e., the upstream and downstream boundaries of the CRZ, were located outside of the measurement domain. Figure 6 shows a comparison of the velocity field, flame structures, and flame locations, with different fuel compositions and equivalence ratios. The H 2 addition and equivalence ratio effects on average flow field were shown in Figure 6(a1-a4) . Based on the observation of the flow field, the approximate locations of the boundaries of CRZ, ORZ, and the annular high-speed jet flow was marked by the red dashed line. In order to estimate the locations of the reaction zones in the average flow field, the approximated boundaries were mapped to the CH images. With 25% H 2 in the fuel mixture, it can be observed that there was a significant velocity increase in the CRZ as compared to pure CH 4 at equivalence ratio 0.7. The velocity in the ORZ and the annular jet flow was also enhanced. At a lower equivalence ratio 0.54, however, the H 2 addition did not show a significant influence on the CRZ size and the velocity increase was not observed. The decrease of the equivalence ratio from 0.7 to 0.54 resulted in a reduction in the size and velocity of the CRZ for both of the fuels. Figure 6(b1-b4) shows the CH distribution (obtained by using inverse Abel transform) on the PIV measurement plane. The CH signal indicated the location and structure of the flame reaction zones. At equivalence ratio 0.7, the reaction rate was enhanced by H 2 addition and the reaction zone of both fuel composition stabilized as a 'V' shape, which was found located at the ISL. At equivalence ratio 0.54, the reaction zone of CH 4 flame was located downstream as 'M' shape. However, with 25% H 2 addition, the flame still stabilized as a 'V' shape at the ISL. Figure 6 shows a comparison of the velocity field, flame structures, and flame locations, with different fuel compositions and equivalence ratios. The H2 addition and equivalence ratio effects on average flow field were shown in Figure 6(a1)-(a4) . Based on the observation of the flow field, the approximate locations of the boundaries of CRZ, ORZ, and the annular high-speed jet flow was marked by the red dashed line. In order to estimate the locations of the reaction zones in the average flow field, the approximated boundaries were mapped to the CH images. With 25% H2 in the fuel mixture, it can be observed that there was a significant velocity increase in the CRZ as compared to pure CH4 at equivalence ratio 0.7. The velocity in the ORZ and the annular jet flow was also enhanced. At a lower equivalence ratio 0.54, however, the H2 addition did not show a significant influence on the CRZ size and the velocity increase was not observed. The decrease of the equivalence ratio from 0.7 to 0.54 resulted in a reduction in the size and velocity of the CRZ for both of the fuels. Figure 6(b1)-(b4) shows the CH distribution (obtained by using inverse Abel transform) on the PIV measurement plane. The CH signal indicated the location and structure of the flame reaction zones. At equivalence ratio 0.7, the reaction rate was enhanced by H2 addition and the reaction zone of both fuel composition stabilized as a 'V' shape, which was found located at the ISL. At equivalence ratio 0.54, the reaction zone of CH4 flame was located downstream as 'M' shape. However, with 25% H2 addition, the flame still stabilized as a 'V' shape at the ISL. Figure 7 depicts the instantaneous velocity fields at equivalence ratio 0.7 for the flames of CH 4 and 75%CH 4 /25%H 2 . The color of the streamline plots represents the absolute value of velocity. An instantaneous snapshot of the velocity field revealed distinctive features that were not shown by the average flow field. Vortices structures with different sizes were clearly observed in the vicinity of ISL and OSL. Big vortices structures contained small-scale vortices. Vortices with small scale can influence the reactants mixing and flame reaction zones. Entrainment of hot combustion products could be enhanced by the rotational movement of vortices. Higher velocity was found in the intermittent jet flow, zones near liner wall, and the bottom of CRZ. Figure 7(a1,b1) showed that the ISL and OSL were twisted by multiple vortices, which indicated the presence of a coherent helical vortex. Such a helical vortex is often encountered in swirl-stabilized flames and it is commonly referred to precessing vortex core (PVC). The previous study indicated that the presence of PVC can influence the flame structure and evolution, local turbulent intensity, and combustion efficiency [31, 34, 35] . The frequency of PVC rotation is very important as it can resonate with low-frequency acoustic oscillation and can damage the combustor hardware. Besides the PVC, unsteady vertical vortex core in the center of CRZ was captured and shown in Figure 7 (a2,a3,b2). Figure 7 (a3,b3) revealed the vortex shedding along the ISL which was circled by the red dashed line. Figure 7 depicts the instantaneous velocity fields at equivalence ratio 0.7 for the flames of CH4 and 75%CH4/25%H2. The color of the streamline plots represents the absolute value of velocity. An instantaneous snapshot of the velocity field revealed distinctive features that were not shown by the average flow field. Vortices structures with different sizes were clearly observed in the vicinity of ISL and OSL. Big vortices structures contained small-scale vortices. Vortices with small scale can influence the reactants mixing and flame reaction zones. Entrainment of hot combustion products could be enhanced by the rotational movement of vortices. Higher velocity was found in the intermittent jet flow, zones near liner wall, and the bottom of CRZ. Figure 7(a1,b1) showed that the ISL and OSL were twisted by multiple vortices, which indicated the presence of a coherent helical vortex. Such a helical vortex is often encountered in swirl-stabilized flames and it is commonly referred to precessing vortex core (PVC). The previous study indicated that the presence of PVC can influence the flame structure and evolution, local turbulent intensity, and combustion efficiency [31, 34, 35] . The frequency of PVC rotation is very important as it can resonate with low-frequency acoustic oscillation and can damage the combustor hardware. Besides the PVC, unsteady vertical vortex core in the center of CRZ was captured and shown in Figure 7 (a2,a3,b2). Figure 7 (a3,b3) revealed the vortex shedding along the ISL which was circled by the red dashed line. 
Instantaneous Velocity Fields
Identification of Precessing Vortex Core by POD Analysis
Further investigations of the main coherent structures in the flow field were attempted by using snapshot POD method. In current work, 2000 instantaneous velocity snapshots were used in POD analysis. As a result, 2000 POD modes and their corresponding time coefficients were achieved. In addition, the obtained POD modes were sorted in a descending order according to their energy proportion. Figure 8 shows the energy distribution of the first 100 modes for the non-reacting flow with two combustor inlet temperatures and the reacting flow with 25% H 2 addition at equivalence ratio 0.7. Mode 1 contained the most energy proportion, and each successive mode represented the next greatest energy contribution. It could be found that the energy in the first few modes was much greater than the successive modes. Figure 8c shows that with the interaction between the flame and turbulent flow, more energy was contained in the first a few modes when compared to the non-reacting case. 
Further investigations of the main coherent structures in the flow field were attempted by using snapshot POD method. In current work, 2000 instantaneous velocity snapshots were used in POD analysis. As a result, 2000 POD modes and their corresponding time coefficients were achieved. In addition, the obtained POD modes were sorted in a descending order according to their energy proportion. Figure 8 shows the energy distribution of the first 100 modes for the non-reacting flow with two combustor inlet temperatures and the reacting flow with 25% H2 addition at equivalence ratio 0.7. Mode 1 contained the most energy proportion, and each successive mode represented the next greatest energy contribution. It could be found that the energy in the first few modes was much greater than the successive modes. Figure 8c shows that with the interaction between the flame and turbulent flow, more energy was contained in the first a few modes when compared to the non-reacting case. The characteristics of the spatial structure and periodicity of the coherent structures can be revealed by the shape of POD mode and the corresponding time coefficients. Generally, the first several POD modes represent the most dominant unsteady structures in the flow field in terms of kinetic energy [36] . It is worthy to note that the flow patterns observed in a POD mode do not necessarily correspond to the individual coherent structures [37] . It may happen that a dominant dynamic feature is spread over several POD modes, according to the previous studies. A structure is apparent in a single mode only if it has very high energy in a single snapshot, or the structure is identical (shape, location, and orientation) in many snapshots. Any alteration of flow structures will distribute the flow energy to other modes. A comparison of the first two POD spatial modes with the different operating conditions is shown in Figure 9 . The vortex structures and their rotating direction were marked by the red dashed line with the arrow. The percentage values in each POD mode denote their proportions of turbulent kinetic energy in the measurement domain. In fact, the first 10 POD spatial modes were examined and the results indicated that the first two modes had a similar spatial structure in both the non-reacting flow (with the combustor inlet temperature of 384 K and 484 K), and the reacting flow (with 25% H2 addition at equivalence ratio 0.7 and combustor inlet temperature 484 K). In addition, the energy of the first two modes is in the same order of magnitude. The first two modes shown in Figure 9 represented the vortex pattern along the ISL, which is very typical for a helical instability featuring a PVC. According to Figure 9(a3,b3) , it could be observed that the vortex structure in the first two modes was weakened as compared to the non-reacting flow. In addition, the annular high-velocity jet flow was also captured in the first two POD modes which resulted in an increase in the corresponding energy proportion. The characteristics of the spatial structure and periodicity of the coherent structures can be revealed by the shape of POD mode and the corresponding time coefficients. Generally, the first several POD modes represent the most dominant unsteady structures in the flow field in terms of kinetic energy [36] . It is worthy to note that the flow patterns observed in a POD mode do not necessarily correspond to the individual coherent structures [37] . It may happen that a dominant dynamic feature is spread over several POD modes, according to the previous studies. A structure is apparent in a single mode only if it has very high energy in a single snapshot, or the structure is identical (shape, location, and orientation) in many snapshots. Any alteration of flow structures will distribute the flow energy to other modes. A comparison of the first two POD spatial modes with the different operating conditions is shown in Figure 9 . The vortex structures and their rotating direction were marked by the red dashed line with the arrow. The percentage values in each POD mode denote their proportions of turbulent kinetic energy in the measurement domain. In fact, the first 10 POD spatial modes were examined and the results indicated that the first two modes had a similar spatial structure in both the non-reacting flow (with the combustor inlet temperature of 384 K and 484 K), and the reacting flow (with 25% H 2 addition at equivalence ratio 0.7 and combustor inlet temperature 484 K). In addition, the energy of the first two modes is in the same order of magnitude. The first two modes shown in Figure 9 represented the vortex pattern along the ISL, which is very typical for a helical instability featuring a PVC. According to Figure 9(a3,b3) , it could be observed that the vortex structure in the first two modes was weakened as compared to the non-reacting flow. In addition, the annular high-velocity jet flow was also captured in the first two POD modes which resulted in an increase in the corresponding energy proportion. Figure 10 shows the time coefficients of the first two modes of both the non-reacting flow and the reacting flow. The turbulent flow field of the combustor features the unsteady vortex structures with different scales, as well as the incoherent turbulent motions. Due to the fact that different phenomena are often superimposed on each other, the spectrum shown in Figure 10 contains not only the periodic fluctuations of the coherent structures, but also the chaotic turbulence. Therefore, the fast Fourier transform was used to identify the prominent frequency of the coherent structures that are represented by the POD modes. Based on Figure 10(a1,a2) , it can be observed that the first two modes oscillated along time with a phase shift. Figure 10(b1,c1) shows the fast Fourier transform (FFT) analysis results for the non-reacting flow. Results indicated that the prominent frequencies related to the first two modes were all 136 Hz. This revealed that the first two POD modes were associated with a self-excited single-helical instability, which features a precessing vortex core (PVC) [38, 39] . The representation of PVC by two modes could be related to the motion of vortices in the measurement plane due to the precession of PVC helix. The presence of PVC has been proven to benefit the local mixing which is vital for creating a more homogeneous distribution of temperature and density [40] . The frequency of PVC rotation is an important parameter for combustor operation since the PVC can resonate with low-frequency acoustic oscillation, which could damage the equipment.
In the reacting flow with an equivalence ratio of 0.7 and 25% H2 addition, the 136 Hz peak frequency could still be observed in the first two modes. However, the FFT results did not reveal any strong self-excited oscillations which meant a thermo-acoustically stable flame. In this condition, the instability caused by the PVC was suppressed by the combustion. The governing mechanisms for the damping of the PVC were suggested to be the increased viscosity [41, 42] . Previously, the combustion effect on the PVC instability was reported by a number of studies. Similar suppression effect of combustion on PVC instability was observed in some research [42, 43] . More studies indicated that the PVC occurrence and amplitude under the combustion conditions strongly depended on the operating conditions, e.g., equivalence ratios and the confinement levels [44, 45] . Figure 10 contains not only the periodic fluctuations of the coherent structures, but also the chaotic turbulence. Therefore, the fast Fourier transform was used to identify the prominent frequency of the coherent structures that are represented by the POD modes. Based on Figure 10(a1,a2) , it can be observed that the first two modes oscillated along time with a phase shift. Figure 10(b1,c1) shows the fast Fourier transform (FFT) analysis results for the non-reacting flow. Results indicated that the prominent frequencies related to the first two modes were all 136 Hz. This revealed that the first two POD modes were associated with a self-excited single-helical instability, which features a precessing vortex core (PVC) [38, 39] . The representation of PVC by two modes could be related to the motion of vortices in the measurement plane due to the precession of PVC helix. The presence of PVC has been proven to benefit the local mixing which is vital for creating a more homogeneous distribution of temperature and density [40] . The frequency of PVC rotation is an important parameter for combustor operation since the PVC can resonate with low-frequency acoustic oscillation, which could damage the equipment.
In the reacting flow with an equivalence ratio of 0.7 and 25% H 2 addition, the 136 Hz peak frequency could still be observed in the first two modes. However, the FFT results did not reveal any strong self-excited oscillations which meant a thermo-acoustically stable flame. In this condition, the instability caused by the PVC was suppressed by the combustion. The governing mechanisms for the damping of the PVC were suggested to be the increased viscosity [41, 42] . Previously, the combustion effect on the PVC instability was reported by a number of studies. Similar suppression effect of combustion on PVC instability was observed in some research [42, 43] . More studies indicated that the PVC occurrence and amplitude under the combustion conditions strongly depended on the operating conditions, e.g., equivalence ratios and the confinement levels [44, 45] . The effects of equivalence ratio and fuel composition were examined in the current study. Figure 11 shows the FFT analysis result of the time coefficients for the first two POD modes in different operating conditions. Strong oscillation with the same frequency in mode 1 and mode 2 was not observed. Hence, the frequency of PVC cannot be identified. Based on Figure 11 , no connections were observed between the PVC suppression and the equivalence ratios and the H 2 addition in the combustion.
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The effects of equivalence ratio and fuel composition were examined in the current study. Figure 11 shows the FFT analysis result of the time coefficients for the first two POD modes in different operating conditions. Strong oscillation with the same frequency in mode 1 and mode 2 was not observed. Hence, the frequency of PVC cannot be identified. Based on Figure 11 , no connections were observed between the PVC suppression and the equivalence ratios and the H2 addition in the combustion. The effects of equivalence ratio and fuel composition were examined in the current study. Figure 11 shows the FFT analysis result of the time coefficients for the first two POD modes in different operating conditions. Strong oscillation with the same frequency in mode 1 and mode 2 was not observed. Hence, the frequency of PVC cannot be identified. Based on Figure 11 , no connections were observed between the PVC suppression and the equivalence ratios and the H2 addition in the combustion. 
CO Emissions
The H 2 addition effect on CO emission performance was examined with three H 2 molar fractions (0%, 25%, and 50%) in the fuel blends, and two combustor inlet temperatures (384 K and 484 K). The dependency of CO emission on equivalence ratio was shown in Figure 12 . A user-defined limit (UDL) of CO emission concentration of combustion products was set at 25 ppm. Below UDL, the CO is considered as acceptable and combustion is operated at a good efficiency. Near the LBO limits, the equivalence ratios at the UDL were represented by L 1 , L 2 , and L 3 , the subscript stood for the corresponding H 2 molar fraction. Based on Figure 12(a1,a2) , combustion operation near the LBO limits resulted in an exponential CO concentration increase in combustion products. This was due to the reduction of CO oxidation rate that is caused by lower flame temperature. Due to the improvement of oxidation rate, CO concentration was reduced along the increase of equivalence ratio. Figure 12(b1,b2) shows CO emission profile from the equivalence ratio 0.60 to 0.90. With the H 2 addition, CO emission at high equivalence ratios was not measured due to the strong flame flashback, which could damage the mixing section of the combustor. Towards higher equivalence ratios, CO concentration profile showed an increasing tendency. This was due to the dissociation of CO 2 to CO, which became significant at a high flame temperature. Comparison of the CO concentration with different H 2 molar fraction indicated that the operation range with low CO was extended to by H 2 addition. In addition, higher combustor inlet temperature could also contribute to a broader equivalence ratio range for low CO operation. 
The H2 addition effect on CO emission performance was examined with three H2 molar fractions (0%, 25%, and 50%) in the fuel blends, and two combustor inlet temperatures (384 K and 484 K). The dependency of CO emission on equivalence ratio was shown in Figure 12 . A user-defined limit (UDL) of CO emission concentration of combustion products was set at 25 ppm. Below UDL, the CO is considered as acceptable and combustion is operated at a good efficiency. Near the LBO limits, the equivalence ratios at the UDL were represented by L1, L2, and L3, the subscript stood for the corresponding H2 molar fraction. Based on Figure 12(a1,a2) , combustion operation near the LBO limits resulted in an exponential CO concentration increase in combustion products. This was due to the reduction of CO oxidation rate that is caused by lower flame temperature. Due to the improvement of oxidation rate, CO concentration was reduced along the increase of equivalence ratio. Figure 12(b1,b2) shows CO emission profile from the equivalence ratio 0.60 to 0.90. With the H2 addition, CO emission at high equivalence ratios was not measured due to the strong flame flashback, which could damage the mixing section of the combustor. Towards higher equivalence ratios, CO concentration profile showed an increasing tendency. This was due to the dissociation of CO2 to CO, which became significant at a high flame temperature. Comparison of the CO concentration with different H2 molar fraction indicated that the operation range with low CO was extended to by H2 addition. In addition, higher combustor inlet temperature could also contribute to a broader equivalence ratio range for low CO operation. Figure 13 shows the dependency of CO on the adiabatic flame temperature, which indicates the H2 addition and combustor inlet temperature effects. With the H2 addition in fuel blends, it was Figure 13 shows the dependency of CO on the adiabatic flame temperature, which indicates the H 2 addition and combustor inlet temperature effects. With the H 2 addition in fuel blends, it was observed from Figure 13 (a1,a2) that the combustion with CO lower than UDL could be operated in a lower adiabatic flame temperature than CH 4 flame. However, increasing the H 2 molar fraction in the fuel mixture did not significantly extend the margin of adiabatic flame temperature for low CO operation. Particular attention was paid to the area of interest (AOI), which was marked by the solid red line. Figure 13(b1,b2) shows the AOI in a CO scale range from 0 to 50 ppm. The adiabatic flame temperature of UDL with different H 2 molar fraction was identified (represented by T 1 , T 2 , and T 3 ). A slight change of the temperature of UDL was observed with the increase of combustor inlet temperature. observed from Figure 13 (a1,a2) that the combustion with CO lower than UDL could be operated in a lower adiabatic flame temperature than CH4 flame. However, increasing the H2 molar fraction in the fuel mixture did not significantly extend the margin of adiabatic flame temperature for low CO operation. Particular attention was paid to the area of interest (AOI), which was marked by the solid red line. Figure 13(b1,b2) shows the AOI in a CO scale range from 0 to 50 ppm. The adiabatic flame temperature of UDL with different H2 molar fraction was identified (represented by T1, T2, and T3). A slight change of the temperature of UDL was observed with the increase of combustor inlet temperature. 
Conclusions
The H2 addition effects were investigated experimentally with a premixed and swirl-stabilized gas turbine model combustor under the atmospheric pressure. The H2 molar fraction of 0%, 25%, and 50% in the fuel mixture was studied. The time-averaged CH chemiluminescence imaging, 2D high-speed PIV, and CO emission detection were employed to understand the features of H2 addition influence. According to the analysis of the experimental results, the following conclusions were summarized 1. The flame LBO limits can be extended to lower equivalence ratios by adding H2 in the fuel flow and improving the combustor inlet temperature. Higher H2 molar fraction in the fuel mixture can benefit the combustor operation with an extended equivalence ratio range. 2. Time-averaged CH chemiluminescence indicated that the flame reaction zone traveled and stabilized upstream with the increase of equivalence ratios and H2 molar fraction in the fuel 
The H 2 addition effects were investigated experimentally with a premixed and swirl-stabilized gas turbine model combustor under the atmospheric pressure. The H 2 molar fraction of 0%, 25%, and 50% in the fuel mixture was studied. The time-averaged CH chemiluminescence imaging, 2D high-speed PIV, and CO emission detection were employed to understand the features of H 2 addition influence. According to the analysis of the experimental results, the following conclusions were summarized 1.
The flame LBO limits can be extended to lower equivalence ratios by adding H 2 in the fuel flow and improving the combustor inlet temperature. Higher H 2 molar fraction in the fuel mixture can benefit the combustor operation with an extended equivalence ratio range.
2.
Time-averaged CH chemiluminescence indicated that the flame reaction zone traveled and stabilized upstream with the increase of equivalence ratios and H 2 molar fraction in the fuel mixture. The attached 'V' shape flame, 'M' shape flame, and a lifted 'V' shape flame was found along the decrease of the equivalence ratio without H 2 addition. With 25% and 50% H 2 addition, the flame shape changed from the attached 'V' shape to the lifted 'V' shape. The 'M' shape flame was not found.
3.
The time-average velocity field of non-reacting flow revealed the presence of center recirculation zone (CRZ) and outer recirculation zone (ORZ) due to the vortex breakdown and the geometry of the dump combustor, respectively. An annular jet flow was found to be located between the CRZ and ORZ. The velocity in the CRZ, ORZ, and the annular jet flow was enhanced by improving the combustor inlet temperature from 384 K to 484 K.
4.
The time-average velocity field of reacting flow indicated that the H 2 addition could lead to a velocity increase in the flow field at equivalence ratio 0.7. However, at a lower equivalence ratio 0.54, this effect was not observed. Reducing equivalence ratio resulted in a size reduction of CRZ for both the CH 4 flame and 75%CH 4 /25%H 2 flame. By using inverse Abel transform, it could be observed that the flame with 25% H 2 addition was able to stabilize at the ISL at a lower equivalence ratio when compared to the CH 4 flame.
5.
Unlike the average flow field, the instantaneous velocity field of the reacting flow revealed the unsteady vortices structures, which indicated the presence of a coherent helical vortex. Such a helical vortex often appears in swirling flow and it is commonly referred to as the precessing vortex core (PVC). 6.
In the non-reacting flow, the structure of POD spatial mode and their relevant time coefficients indicated that the first two POD modes were associated with a self-excited single helical instability which features a PVC. In the reacting flow, the flame of CH 4 and 75%CH 4 /25%H 2 were studied at the equivalence ratio of 0.70 and 0.54. Fast Fourier transform showed that the PVC was suppressed by the combustion. 7.
The CO emission measurement showed that the equivalence ratio operation range with low CO (under the UDL) was extended by H 2 addition and improving the combustor inlet temperature. In addition, adding H 2 made it possible to operate a low CO combustion at lower adiabatic flame temperatures. However, increasing H 2 molar fraction from 25 to 50% did not significantly extend the margin of adiabatic flame temperature for low CO operation.
